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MAGNETIC SfflELD FOR PRIMARY COIL OF TRANSCUTANEOUS ENERGY 
TRANSFER DEVICE 



Related Application 

This application is a continuation-in-part of U.S. Patent Application No. 09/1 10,608 
filed July 6, 1998 entitled "MAGNETIC SHIELD FOR PRIMARY COIL OF 
TRANSCUTANEOUS ENERGY TRANSFER DEVICE," and, naming as inventors Fred 
Zarinetchi and Steven J. Keville, now currently pending. 

The following commonly-owned application is related to the present application and 
its disclosure is incorporated by reference in the present application: 

U.S. Patent Application No. 09/1 10,607, filed July 6, 1998, entitled "TET WITH 
MAGNETIC FIELD PROTECTED COMPONENTS IN SECONDARY COIL," naming as 
inventors Fred Zarinetchi and Robert M. Hart, and now pending. 

Field of the Invention 

This invention relates to transcutaneous energy transfer (TET) devices and, more 
particularly, to an improved primary coil for such device which reduces sensitivity to 
conductive objects in proximity of the TET. 



Background of the Invention 

Many medical devices are now designed to be implantable, including pacemakers, 
defibrillators, circulatory assist devices, cardiac replacement devices such as artificial hearts, 
25 cochlea implants, neuromuscular simulators, biosensors, and the like. Since almost all of the 
active devices (i.e., those that perform work) and many of the passive devices (i.e., those that 
do not perform work) require a source of power, inductively coupled transcutaneous energy 
transfer (TET) devices and information transmission systems for such devices are corning into 
increasing use. 

30 These systems generally include an external primary coil and an implanted secondary 

coil, separated by an intervening layer of tissue. This design generally results in a loosely- 
coupled transformer with no magnetic shielding. Therefore, transformer parameters, such as 
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mutual and self-inductance values, and the effective series resistance of each coil, can be 
altered by the presence of conductive objects, for example a metal plate, in the vicinity of the 
primary coil. Such parameter changes can result in undesired, and in some cases potentially 
catastrophic, variations in power delivered to the implanted device. Further, an unshielded 
primary coil generates a magnetic field which is directed in substantially equal parts toward 
the secondary coil, where it performs useful work, and away from the secondary coil where 
the magnetic field energy is substantially wasted. If a higher percentage of the magnetic field 
from the primary coil could be directed to the implanted secondary coil, the energy required to 
drive the TET device could be reduced. This could result in the device being driveable from a 
lower energy, and thus a smaller, lighter and less expensive source, or less drainage on could 
result in an existing source, facilitating longer battery life between replacement or recharging. 

A need therefore exists for an improved primary coil construction for a TET device 
which both reduces sensitivity of the device to conducting objects in the vicinity of the coils 
and, preferably, which increases the percentage of magnetic field generated by the primary 
coil which reaches the secondary coil. Such a device and method would significantly enhance 
the energy transfer efficiency of the TET device. 

, Summary of the Invention 

In accordance with the above, this invention provides a transcutaneous energy transfer 
device having an external primary coil to which energy to be transferred is applied and an 
implanted secondary coil inductively coupled to the primary coil and connected to apply 
energy to a subcutaneous utilization device, the invention being characterized by the inclusion 
of a magnetic shield covering the primary winding. The shape of the shield is generally 
substantially the same as that of the primary coil, but the size of the shield should be greater 
than that of the primary coil. More particularly, to fully reflect magnetic field toward the 
secondary coil, the shield should overlap the primary coil on all sides by at least the thickness 
(t) of the shield. Where the primary coil has a generally circular shape with a diameter d, the 
shield has a generally circular shape with a diameter D, where D>d and preferably D^d + 2t. 
The thickness of the shield for a circular shield is preferably much greater than D/u where u. is 
the magnetic permeability relative to free space of the shield material, or more generally, 
t»X/u, where X is a major dimension of the shield. 
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The shield normally has a plurality of ventilation perforations formed therein which 
perforations are preferably formed parallel to the magnetic field direction so that the path 
taken through the material of the shield is as short as possible. For embodiments where the 
primary coil is circular, the perforations are a plurality of radial slots, which slots are slightly 
wedge-shaped for an illustrative embodiment. To assure adequate ventilation, the perforations 
should make up between approximately 25% and 75% of the shield area. Since the 
perforations reduce \i of the shield material, for the shield thickness to continue to satisfy 
t»X/u, t needs to increase proportionally (i.e., if the shield is 50% perforated, shield thickness 
tp = 2t). Perforation size should also be small compared the smallest coil in the TET device. 

The shield should also be flexible so as to be able to conform to the contours of a 
patient's body. To achieve this flexibility, for one embodiment of the invention the shield is 
formed of a low loss magnetic material in a flexible polymer matrix, the shield being formed 
of a ferrite powder in a silicon rubber for an illustrative embodiment. For another 
embodiment, the shield is formed of a plurality of segments of a very high permeability 
material connected by a porous, flexible material. To the extent there are spacings between 
adjacent segments in a direction substantially perpendicular to the primary coil magnetic field 
in order to enhance flexibility, such spacings are much smaller than spacings in a direction 
parallel to the magnetic field. 

The shield is also dimensioned and formed of a material which reflects most of the 
magnetic field directed away from the secondary coil back toward the secondary coil. This 
significantly enhances the efficiency of energy transfer across the skin boundary by the TET 
device. 

In one embodiment the segments include a plurality of segments arranged in one or 
more concentric rings, each said concentric ring including segments of substantially the same 
size. In another embodiment, the plurality of segments are constructed and arranged so as to 
form a gap between radially opposing segments in said ring. In this embodiment, the 
segments further include a center disk shaped to fit within said gap. 

In anther aspect of the invention, the shield and said primary coil are mounted together 
to form a primary coil assembly. A substantially impervious coating is applied to the 
assembly to make it substantially waterproof and easy to clean. In one particular 
embodiment, the primary coil assembly is vinyl dip coated. 
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In another aspect of the invention, the primary coil is operationally decoupled from a 
drive circuit prior to physical disconnection of electrical contacts through which current is 
transferred from the drive circuitry to said primary coil. The physical connection of electrical 
contacts through which current is transferred from the drive circuitry to said primary coil 
occurs prior to operationally coupled the primary winding to the drive circuit. In one 
implementation, the primary coil is electrically coupled to the drive circuit via an electrical 
connector. The electrical connector includes power transfer contacts and anti-arcing contacts. 
The anti-arcing contacts electrically mate after and break before said power transfer contacts, 
and are electrically connected to control circuitry operationally interposed between the drive 
circuit from the primary winding. In one embodiment, the control circuitry is located in said 
drive circuitry while in another embodiment, it is located in the connector. 

Further features and advantages of the present invention as well as the structure and 
operation of various embodiments of the present invention are described in detail below with 
reference to the accompanying drawings. In the drawings, like reference numerals indicate 
like or functionally similar elements. Additionally, the left-most one or two digits of a 
reference numeral identifies the drawing in which the reference numeral first appears. 

i 

Brief Description of the Drawings 

This invention is pointed out with particularity in the appended claims. The above and 
further advantages of this invention may be better understood by referring to the following 
description when taken in conjunction with the accompanying drawings, in which: 

Figure 1 is a side cutaway view of a TET coil pair with a magnetically shielded 
primary coil in accordance with the teachings of this invention; 

Figure 2 is a top view of a shield shown in Figure 1 for one embodiment of the 
invention; and 

Figures 3 and 4 are partial top views of the shield shown in Figure 1 for two 
alternative embodiments of the invention. 

Figure 5 is a top view of still another embodiment of the invention. 

Figure 6A is an alternative embodiment of a shield having a tiled ferrite design. 

Figure 6B is another alternative embodiment a shield having a tiled ferrite design. 
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Figure 7A is a cross-sectional view of one embodiment of a primary coil assembly that 
is providing a comfortable interface between the TET Primary coil and skin. 

Figure 7B is an alternative embodiment of the cushion illustrated in Figure 7A. 

Figure 8 is a schematic block diagram of a connector for electrically connecting a 
5 drive circuit with the primary coil in accordance with one embodiment of the present 
invention. 



Detailed Description 

1§Ll Figure 1 shows a primary coil 10 having a diameter d and a secondary coil 12 having a 

)% diameter d 2 , where d 2 <d, of a TET device for transferring energy through a skin boundary 14. 
W As indicated previously, such a standard TET device has at least two shortcomings. First, the 
S 'i magnetic field of primary coil 10 normally generates substantially equal magnetic fields in 
: - directions both toward and away from secondary coil 12. This means that a conductive object 
15 in the vicinity of primary coil 10, and in particular a conductive object passing through the 
f|j magnetic field of this coil, can alter parameters of the coil such as its self-inductance values 
ll and effective series resistance, thus resulting in a variation in the energy transferred to 
^ = .f secondary coil 12. Since it is desired that this energy transfer be substantially uniform, the 
potential for spurious variations in energy transfer is at best undesirable, and at worst can have 
20 potentially catastrophic consequences for the patient. 

A second problem is that energy is required to generate the magnetic field in the 
direction away from the secondary coil and, since this magnetic field does not contribute to 
the energy transfer, device efficiency is reduced. Stated another way, the fact that half the 
magnetic field generated by the primary coil is not being utilized for energy transfer 
25 substantially increases the amount of energy which must be applied to the primary coil in 
order to achieve a desired energy level at the secondary coil. 

Aspects of the present invention overcome these problems by providing a magnetic 
shield 16 mounted over primary windings 10. The shape of shield 16 is preferably 
substantially the same as that of primary coil 10, although this is by no means a limitation on 
30 the invention. The size of the shield is also preferably greater than that of the primary 

winding. Thus, in Figure 1 it is assumed that both primary winding 10 and shield 16 have a 
generally circular shape, with the diameter D of the shield shown as being greater than the 
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diameter d of the coil. More specifically, to fully reflect magnetic field toward the secondary 
coil, shield 16 should overlap primary coil 10 on all sides by at least the thickness (t) of the 
shield. Thus, for a circular shield, it is preferable that D^d + 2t. For a non-circular coil, 
having various dimensions Xj, the corresponding dimension for the shield would in each 
5 instance be X^X; + 2t. 

The thickness (t) of shield 16 should be much greater than X/p, r where u r is the 
magnetic permeability of the magnetic shield material relative to free space and X is a major 
dimension of the shield. Therefore, for the circular shield of the figures, t»D/u r . For an 
illustrative embodiment, D = 5.5", d = 5", t = 0.25" and u r is approximately 100. However, 
10 the dimensions of the shield will vary significantly depending on the application. 
^ Shield 16 is preferably formed of a low loss magnetic material. This results in the 

□ magnetic field emanating from primary coil 1 0 in the direction of shield 1 6 being substantially 
m reflected with minimum absorption by shield 16, back toward secondary coil 12. With D^d + 
? JJ 2t, substantially all of the magnetic field from the primary coil can be either directed or 
Ml reflected to the secondary coil 12, substantially increasing the transfer efficiency of the TET 
M device, this efficiency theoretically being substantially doubled. 

While in Figure 1 the skin surface 14 is shown as being substantially flat, as a practical 
J=; matter, the skin surface in most applications of this invention will be curved in various ways, 
H requiring that shield 16 be flexible so as to be able to conform to the contours of the skin 
20 surface in the transfer area. The material for shield 16 is therefore preferably a low loss 
magnetic material in a flexible polymer matrix. For one illustrative embodiment of the 
invention, ferrite powder (Steward MnZn loading powder #73300) is embedded in a silicone 
rubber in a ratio by weight of 9 parts silicone to 12 parts ferrite powder. Since the polymer in 
which the magnetic material is embedded significantly reduces the magnetic permeability of 
25 the material (the reduction being by a factor of 10 for the illustrative composition), it is 
desirable incorporate as much ferrite powder as possible while retaining the required 
flexibility of the shield. 

Since the TET device may remain in place for a substantial period of time, it is 
important that the skin of the patient under shield 16 be able to "breathe", or in other words 
30 that air be allowed access to this skin, in order to prevent skin degeneration. It is therefore 
important that perforation holes be provided in shield 16. Since any openings in the shield 
may permit potential magnetic field leakage above the shield, the perforations are preferably 



parallel to the magnetic field in order to minimize magnetic flux paths through the shield 
material, thus enhancing reflection and minimizing leakage. For the embodiments of Figures 
2-4 wherein shield 16 is substantially circular, to achieve this objective, the perforations are 
implemented in a substantially radial manner, as shown. With other primary coil shapes, the 
perforation pattern may very well be different. The smaller and thinner the perforations, the 
less potential there is for magnetic field leakage, so that the arrangement shown in Figure 4, 
with a radially arranged series of small holes 1 8 is preferable from a shielding standpoint. 
However, the arrangement of Figure 4 may not provide sufficient ventilation for long-term 
usage, Alternatively, an arrangement such as that shown in Figure 3, with radial slots 20 
which are relatively thin to the magnetic field path so as to preventing significantly magnetic 
field leakage, while still providing reasonable ventilation. More specifically, it has been 
found that, in order to achieve adequate ventilation, the perforations should make up between 
25% and 75% of the area of the shield, with perforations comprising approximately 50% of 
the area of the shield being generally preferred for long-term usage. This may require a 
configuration such as that shown in Figure 2, with generally radially-arranged, wedge-shaped 
slots 22 to increase the perforation area. However, since the perforations reduce |i r for this 
shield from what it would be without the perforation. The amount of such a reduction is 
generally in direct proportion to the percentage of the surface area of the shield absorbed by 
such perforations. This, in combination with the above-noted objective that t»D/u r , the 
thickness t should generally be increased is some relationship with the increase in surface area 
dedicated to the perforations. For example, in one embodiment wherein the perforations 
comprise 50% of the shield area, the shield thickness tp has been increased such that tp = 2t. 
Other linear and non-linear relationships between shield thickness and surface area absorbed 
by the perforations. 

In one aspect of the invention, a Umitation on perforation size is that the perforation 
size is small compared to the size of the smallest coil in the TET device. Referring to the 
device of Figure 1, for example, the size of the individual perforations are much smaller than 
that of secondary coil 12. For example, if the diameter d 2 of the secondary coil is roughly 1.5 
inches, the perforations should be less than approximately 33% of the diameter d 2 or 0.5 
inches in their smallest dimension. In other embodiments, the smallest dimension of the 
perforations is preferably less than approximately 20% of the diameter d 2 ; in other 
embodiments, the smallest dimension of the perforations is between approximately 20-60% of 
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the diameter d 2 . While shield thickness as well as size and shape of the perforations may be 
adjusted to minimize magnetic field leakage through shield 16, and thus to minimize the 
interference or loss of energy transfer efficiency caused by a conducting object near or in 
contact with the shield, it is desirable in any event that the perforations not result in a decrease 
5 in coupling efficiency of greater than 20%, and preferably less than 1 6%, when a conducting 
object is brought in close proximity of the shield. 

Figure 5 illustrates a shield 24 which differs from the shields 16 previously discussed 
in that, instead of being formed of a piece of flexible material having perforations or openings 
1 8-22, formed therein, the shield is formed of segments 26 of a very high permeability but 
10 inflexible material, such as a hard ferrite, which segments are connected to each other with a 
O breathable and porous mesh 28 of a polymer or other flexible material. Since the effective u r 
[= j of the segments 26 is much higher than that of the material used in the flexible shield 16, the 
j shield may be made substantially thinner than for the prior embodiments while still satisfying 
f| the requirement that t»D/p r . Thus, a thickness in the order of 1/8 inch or less for shield 24 
IS might be possible, making the shield much more comfortable for the wearer. Further, the high 
h i Ur segments 26 permit a larger percentage of the area of the shield to be covered by mesh 28 
f 1 while still achieving desired shielding, enhancing breathability and protecting against skin 
D degeneration. Segments 26 may take up 25-75% of the shield area, but would typically take 
up 50% or less of such area. The radial spacings between segments would, as previously 
20 indicated, have a smallest dimension less than the diameter of the secondary coil, and might, 
for example be 0.5 inches for a roughly 1 .5 inch secondary coil. However, the circular 
spacing, which is required to obtain flexibility in all dimensions for the shield, which spacing 
is perpendicular to the magnetic field of coil 10, should be much thinner, and for the 
dimensions above would typically be approximately 0.1 inches. For many applications, the 
25 embodiment shown in Figure 5 may be the preferred embodiment. 

Figure 6A is an alternative embodiment of a shield having a tiled ferrite design. In this 
embodiment, shield 600 includes multiple concentric rows of segments 602. Segments 602 in 
inner concentric row 604 are small relative to segments 602 in outer concentric row 606. In 
should be understood that any number of concentric rows may be implemented. 
30 Figure 6B is a further an alternative embodiment a shield having a tiled ferrite design. 

In this embodiment, shield 650 includes multiple concentric rows of segments 652 similar to 
segments 26 in shield 24 shown in Figure 5. However, in this embodiment, the center disk 
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segment is omitted. The large open space 654 in the center of the shield 650 aligned 
approximately with the center of the primary coil reduces minimally the coupling efficiency 
of the device while improving the skin ventilation under the primary coil. It should be 
understood that the size of the center space 654 may have any dimensions suitable for a 
5 desired coupling efficiency. 

Figure 7 A is a cross-sectional view of one embodiment of a primary coil assembly 700 
that is configured to provide a comfortable interface between the TET Primary coil 10 and 
skin 14 with a low-cost, disposable part that can easily be removed and replaced. Primary coil 
assembly 700 includes primary coil 10 and ferrite shield 16, as described above. To prevent 
10 adverse effects due to having such a rigid device continually against a same region of the skin 
\-% 14, primary coil assembly 700 is a compliant skin-compatible cushion 702. Cushion 702 is 
f;! preferably ventilated to relieve perspiration and provide for cooling of the skin 14. In addition 
CP"= cushion 702 is preferably disposable so that it can easily be removed and replaced when it 
in becomes soiled. 

ll =i Referring to Figure 7 A, one embodiment of cushion 702 is illustrated. A hook and 

? = * loop fastening material 704 such as VELCRO is fastened to the side of primary coil 1 0 

fu 

Id opposite shield 701, schematically shown in Figure 7A. This provides for the easily 
U% jattachment and detachment of cushion 702. Cushion 702 includes 3 layers in the illustrative 
embodiment. A VELCRO loop material 706 adapted to be attached to VELCRO hook 

20 material 704. An open cell foam material 708 for providing compliance and breathability is 
bonded to loop material 706. A skin-compatible material 710 such as terry-cloth is bonded to 
open cell foam layer 708 to provide a ventilated, non-allergenic, non-irritating skin contacting 
surface. The above construction enables cushion 702 be formed from a low-cost, die-cut part. 
Figure 7B is an alternative embodiment of the cushion according to this aspect of the 

25 present invention. In this embodiment, a cushion 750 is a laminate similar in construction to 
cushion 712. In this embodiment, however, the open cell material 708 is crenellated to 
provide increased ventilation between the cushion surface and the skin 14. The skin- 
compatible layer 756 is bonded to open cell foam layer 654 and, therefore, follows crenelate 
surface of foam layer 754. It should be understood that other well-known materials may be 

30 used. For example, skin-contact material 756 may be constructed so as to serve a s a wick to 
draw perspiration from the skin. 
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In alternative embodiments, the shield and primary coil 1 0 are mounted together is 
some known manner and a impervious coating is applied to make the shield and TET primary 
coil more durable, waterproof, and washable. In one particular embodiment, for example, 
vinyl dip coating is used. 

Figure 8 is a schematic block diagram of another aspect of the present invention. In 
this aspect of the invention, a primary coil assembly 802 is detachable from drive electronics 
804 that control the primary coil 1 0 within the primary coil assembly 802. To avoid 
degradation of the high current connector as a result of arching during live 
connecting/disconnection of the primary coil assembly 802 and drive circuitry 804, the drive 
circuitry 804 is automatically disabled before disconnecting power transfer contacts for the 
primary coil 10, and automatically enabled only after connecting the power transfer contacts 
for the primary coil 1 0. 

In the illustrative embodiment illustrated in Figure 8, for example, a spare separate set 
808 of contacts 810 in the connector 806 are constructed and arranged to mate last and break 
first relative to the one or more contacts 812 that provide power to primary coil 1 0. The 
anti-arching contacts 808 are connected to well-known circuitry 818 that enables or disables 
the drive circuitry 804, shown schematically as a relay interposed between a voltage source 
and receiving power transfer contacts 814. In particular, in order to mate last and break first, 
the anti-arching contacts 808 in connector 806 have a length that is shorter than the power 
transfer contacts 812. In addition, receiving power transfer contacts 814 that receive contacts 
812 are longer than receiving anti-arching contacts 816 that receive anti-arching contacts 808. 
This embodiment, therefore, enables the TET drive circuitry 804 to be automatically disabled 
before disconnecting the power transfer contacts for the primary coil 10 while automatically 
turning on the primary coil 10 after reconnection of the coil power transfer contacts 812 and 
814. It should be understood that other schemes may be implemented to perform this 
function. For example, a latches may be used to connect male and female portions of a high 
frequency connector coupling drive circuitry 804 and primary coil assembly 802. The latch 
would be electrically connected to well-known circuitry that would enable or disable the drive 
circuitry similar to that described above. Operation of the latch to disconnect the two 
connector halves would cause the drive circuitry 804 to be disabled and the power through 
contacts 812 to be removed prior to when the contacts 812 are physically disconnected from 
the receiving contacts 814. Similarly, contacts 812 would first come into physical contact 



with receiving contacts 814 before anti-arching contacts 810 come into contact with 
corresponding receiving contacts 816. This subsequent contact would cause automatically the 
drive circuitry 804 to become operational allowing power to travel through contacts 812. It 
should also be understood that virtually any other type of electrical circuit switch or other 
on/off device may be used to operationally disconnect primary coil 10 and drive circuitry 804 
prior to the decoupling of the contacts 812 and 814 and operationally connecting primary coil 
10 and drive circuitry 804 after the connection of contacts 812 and 814. 

It should also be understood that control circuitry 8 1 8 may be located in drive circuitry 
804, primary coil assembly 802 or connector 806, depending on the application. 

Such automatic connect/disconnect feature allows for greater flexibility . For 
example, the primary coil 10 may be sterilized easily for use during implant surgery. In 
addition, it would also allow the patient to wear just the TET primary coil assembly without 
all of the battery powered electronics, as well as to plug the primary coil into power sources 
located at convenient places in the home or work environment. Further, separation of the 
drive circuitry 804 eliminates the weight of the patient-carried electronics and battery pack. 
This is important, for example, for patients who are physically very weakened. 

While the invention has been particularly shown and described above with reference to 
peveral preferred embodiments and variations thereon, it is to be understood that additional 
variations could be made in the invention by those skilled in the art while still remaining 
within the spirit and scope of the invention, and that the invention is intended to include any 
such variations, being limited only by the scope of the appended claims. 

Further information is described in currently pending U.S. Patent Application 
No. 09/1 10,608 filed July 6, 1998 entitled "MAGNETIC SHIELD FOR PRIMARY COIL OF 
TRANSCUTANEOUS ENERGY TRANSFER DEVICE," and naming as inventors Fred 
Zarinetchi and Steven J. Keville, now currently pending, incorporated herein by reference in 
its entirety. 

What is claimed is: 



